[1] In situ secondary ion mass spectrometry (SIMS) analyses of d 7 Li, Li/Ca, and Mg/Ca were performed on five synthetic aragonite samples precipitated from seawater at 25°C at different rates. Li analyses of different aragonite precipitates. Moreover, the centers of aragonite hemispherical bundles (spherulites) are enriched in Li/Ca and Mg/Ca relative to spherulite fibers by up to factors of 2 and 8, respectively. The Li/Ca and Mg/Ca ratios of spherulite fibers increase with aragonite precipitation rate. These results suggest that precipitation rate is a potentially important consideration when using Li isotopes and elemental ratios in natural carbonates as a proxy for seawater composition and temperature.
Introduction
[2] The fractionation of trace elements and isotopes during precipitation of carbonate minerals in the oceanic environment is the basic tool used for reconstruction of the history of oceanographic variability through time. While not a significant Li sink, marine carbonates are known to be good recorders of seawater Li abundance (∼180 ppb) and d
7 Li (∼+33‰) [Morozov, 1968; Ronov et al., 1970; Delaney et al., 1985; Hall et al., 2005] . Lithium isotopic composition is typically expressed as 7 Li ¼ where the NIST SRM 8545 (LSVEC) lithium carbonate is the certified isotope reference material which defines the zero point on the d
7
Li scale. Lithium enters the ocean through river input (discharge weighted average of the major world rivers d 7 Li ≈ + 23‰) and hydrothermal marine fluids (average d 7 Li ≈ +7‰) [Chan et al., 1993 [Chan et al., , 1994 Huh et al., 1998; Coplen et al., 2002; White, 2005] . Therefore, the changes of seawater Li and d
Li should reflect changes in continental weathering environment (d 7 Li in continental rocks varies from −10‰ to +19‰) and hydrothermal input over geological time [Tomascak, 2004] . Lithium is removed from the ocean by reaction with oceanic crust and absorption on surfaces of mineral particles. These Li input and output processes fractionate d 7 Li between solid and fluid phases with preferential incorporation of 7 Li into solution. Hence, riverine d
Li inputs depend not only on the geologic settings but also on the weathering rate of continental rocks. [3] No relationship between d
Li and temperature has been found in synthetic calcite, foraminifera, or corals described in the studies of Marriott et al. [2004a] , Hall et al. [2005] , and Rollion-Bard et al. [2009] . This supports the potential for these Ca carbonate minerals to be a proxy for continental weathering and hydrothermal activity in the ocean. However, no experimental work has been performed to evaluate the influence of growth rate on Li isotope fractionation and Li partitioning between calcium carbonate minerals and fluid. [4] It has been shown, however, that Li/Ca in foraminifera calcite depends on the saturation state of seawater (W), which is linked to mineral growth rate [Hall and Chan, 2004; Bryan and Marchitto, 2008] . Further, there is a negative correlation between temperature and the Li/Ca ratio of calcitic forams, calcitic brachiopods, and aragonitic corals at 2 to 28°C [Delaney et al., 1989; Marriott et al., 2004a; Hall and Chan, 2004; Bryan and Marchitto, 2008; Case et al., 2010; Hathorne et al., 2009; Montagna et al., 2009 ]. An experimental study of Li/Ca in calcite confirms the observed natural trend, i.e., Li/Ca partition coefficient K Li=Ca d between solid and fluid phase decreases with increasing temperature from 5 to 30°C [Marriott et al., 2004a] . However, temperature is not the only factor responsible for Li/Ca and Mg/Ca variation in corals. Several studies have reported that Mg/Ca (and, to a lesser extent, Li/Ca) is enriched in the coral centers of calcification (COC) relative to the fibrous material [Meibom et al., 2004 [Meibom et al., , 2006 Sinclair et al., 2006; Gagnon et al., 2007; Rollion-Bard et al., 2009; Case et al., 2010] . Therefore, the influence of crystallization kinetics on Li/Ca and Mg/Ca need Figure 1 . High-resolution scans of positive ion species of (a) 7 Li, (b) 24 Mg, and (c) 42 Ca at MRP ≈ 2900 with the mass of interest and resolved molecular interferences identified. 6 Li 1 H was not detected at the relevant mass offset (0.0069 amu) from the 7 Li peak ( Figure 1a) . We tentatively identify a resolved interference at higher mass relative to 24 (Figure 1c) . analyses. The exposed surface of aragonite hemispheres is reasonably expected to have been attached to the growth substrate (beaker walls or stir rod), and therefore, the center of nucleation of any particular spherulite would be in its center. Patchy residual Au coating from SIMS analysis is visible in Figures 2a and 2b . SIMS ion beam craters are visible in Figure 2a and are marked by white ovals in Figure 2b . The numbers of the analysis spots are identical in both images. Spot 1 was collected on the spherulite fibers (rim), whereas spots 2 and 3 cover both the fibers and center areas.
to be evaluated in order to improve our understanding of their relationships to temperature.
[5] Previous work has established the usefulness of in situ analyses of natural and experimental calcium carbonates using SIMS in combination with bulk analysis of carbonates and fluids by ICP-MS [e.g., Sano et al., 2005; Shirai et al., 2005; Gabitov et al., 2006 Gabitov et al., , 2008 Gaetani and Cohen, 2006; Vigier et al., 2007; Shirai et al., 2008; Rollion-Bard et al., 2009; Kasemann et al., 2009] . Here, we use SIMS to quantify d 7 Li and Li/Ca using internal (e.g., our aragonite) and external standardization on materials that compositionally match those of our samples (e.g., calcite CAL-HTP [Vigier et al., 2007; Rollion-Bard et al., 2009] ). In order to determine Mg/Ca the calcite from Mexico described by Kunioka et al. [2006] and Shirai et al. [2008] was used. The goal of the present work is to determine d 7 Li, Li/Ca, and Mg/Ca in morphologically different zones of aragonite, i.e., spherulite centers and fibers using SIMS and compare the obtained in situ data with the bulk ICP-MS analyses.
Experimental and Analytical Methods

Aragonite Precipitation
[6] Techniques employed for precipitating synthetic aragonites from seawater were adopted from Kinsman and Holland [1969] as modified by Gabitov et al. [2006] . Experiments have been conducted at Woods Hole Oceanographic Institution (WHOI). Seawater was collected from Vineyard Sound, Massachusetts. Crystallization of aragonite has been achieved by elevating seawater W by continuous addition of 0.023M aqueous Na 2 CO 3 solution. To preclude the dilution of the growth medium, the doubly concentrated seawater (2SW) solution was introduced at the same time. For 2SW preparation, 1L of seawater was evaporated to half of its volume at 85°C in a PTFE beaker using an isothermal bath (Lauda RE-106). The amount of seawater that evaporated was calculated by the weight loss of the fluid. Addition of deionized H 2 O adjusted the final mass of solution to half of initial producing the 50% evaporated seawater solution. ICP-MS analyses confirmed that concentrations of Mg, Ca, Sr, and Ba in 2SW solution were near double the values of those in seawater [Gabitov et al., 2006] . Both solutions (Na 2 CO 3 and 2SW) were injected simultaneously at the same rate by using a syringe pump. The injection rates were 0.011, 0.038, 0.27, 0.69, and 7.3 ml/min, which is equivalent to 0.25, 0.87, 6.2, 15.9, and 168 mmol of Na 2 CO 3 per minute injection for the runs PGLi-4, PGLiB-1, PGLi-5, PGLi-6, and PGLi-2 respectively. In our study, these pumping rates are used as a proxy for relative precipitation rates of aragonite. Gabitov et al. [2006] and Holcomb et al. [2009] showed that aragonite growth rate positively correlates with the injection rate of Na 2 CO 3 solution into seawater. 600 ml of seawater was continuously stirred at 120 rpm in the PTFE beaker using a PTFE propeller rod at 25°C. Prior to initiation of pumping, high-purity Li 2 CO 3 powder was dissolved in the seawater and titrates. As a result, Li concentration in all fluids was elevated by a factor of ∼23 relative to natural seawater. [7] Analyses of final fluids and bulk precipitates from the runs PGLi-4, PGLi-5, and PGLi-6 were carried out by solution MC-ICP-MS after ion chromatographic Li matrix separation. Isotopic composition of Li 2 CO 3 was determined by the same method. Prior to liquid ion chromatography, the carbonate run products were dissolved in 2M HNO 3 . The growth solutions and the dissolved carbonates (7) 78.56 (6) 0.9923 (2) na 6.2 a Prior to normalizing to LSVEC SIMS data were corrected to PGLi-6 that was used as internal standard. Average aragonite precipitation rate was assumed to be proportional to the pumping rate of 0.023M Na 2 CO 3 . Units in parentheses represent 1 standard error (1 SE) in terms of least units cited, on the basis of replicate MC-ICP-MS and multispot SIMS analyses. Therefore, 12.835 (6) should be read as 12.835 ± 0.006. Uncertainties for SIMS data are 1 SE of the averages of 20 and 21 spots analyses in PGLi-4 and PGLi-6, respectively. MC-ICP-MS analyses of the main Li source (Li 2 CO 3 ) yielded d
MC-ICP-MS Sample Preparation and Bulk Analysis
7 Li of 81.3 ± 0.3‰. b Multicollector ICP-MS. MC-ICP-MS and SIMS data were normalized to LSVEC standard, where 7 Li/ 6 Li = 12.0192 and d 7 Li = 0‰ [Flesch et al., 1973] . were evaporated to dryness and then dissolved in 9 ml 1N HNO 3 in 80% methanol (MeOH). Lithium matrix separation was carried out in glass columns filled with 10 ml cation resin Bio-Rad AG 50W X8 (200-400 mesh). Sample solutions (9 ml) were loaded on cleaned (40 ml 7N HNO 3 ) and conditioned (20 ml 0.1N HNO 3 in 50% MeOH) columns. After sample loading 10 ml of 1N HNO 3 in 80% MeOH were added before Li was finally eluted using 100 ml of 1N HNO 3 in 80% MeOH. Quantitative Li recovery and Li matrix separation were monitored by Li, Na, Sr, Nd and Pb concentration analyses of solutions collected prior to and after the Li elution. The determined Li procedural blanks of <0.5 ng for the used chemical method are negligible for the accuracy of the final d Li values as >100 ng sample Li were run through chemistry.
[8] Lithium isotope ratio determinations were carried out on a MC-ICP-MS (NEPTUNE Thermo Fisher) at WHOI by sample standard bracketing after a method reported by Rosner et al. [2007] . The final separated samples were evaporated and then diluted in 0.5N HNO 3 to match the L-SVEC standard solutions (100, 50, 33, 10 mg g −1 ) used for bracketing to within 5%. The Li isotope compositions are reported as
Li normalized to L-SVEC [Flesch et al., 1973] and were calculated by bracketing the measured Li values of <0.5‰ and external reproducibility similar to that calculated here, i.e., <0.5‰ [Rosner et al., 2007] .
SIMS Sample Preparation and in Situ Analysis
[9] The beaker walls and the stir rod were rinsed with distilled water and methanol, and dried at 30°C. Spherulites grew outward from the rod and beaker walls, so the flat side of the aragonite hemispheres attached to the substrate. Spherulites were manually removed from the beaker and the rod using a spatula, and mounted in epoxy, such that the flat sides of the hemispheres were exposed for SIMS analysis. The mounts were polished with 1200 grit SiC paper followed by alumina powder (down to 1 mm size) and the spherulites were analyzed by using a CAMECA IMS 1270 ion microprobe with a 1.8-7. Kasemann et al. [2005] . d Reproducibility of calcite from Mexico was determined as 0.78% (1 SE, n = 6) in another SIMS session (not reported in this work). Kunioka et al. [2006] reported 1 SE = 1.29% for this material using NanoSIMS. [10] An example of the polished aragonite spherulites is shown in Figure 2 in the reflected (Figure 2a ) and transmitted light (Figure 2b ) images. SIMS spot 1 was collected close to the rim of the spherulite and represents data from aragonite fibers only. Spots 2 and 3 were collected at areas that include both spherulite center and fibers.
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Results
MC-ICP-MS Data
[12] The mean of three replicates of the bulk MC-ICP-MS analysis of three aragonite samples yielded that d
7
Li increases by 2.5‰ when Na 2 CO 3 injection rate increases from 0.25 to 6.2 mmol/min, then d 7 Li decreases by 1‰ at the fastest injection rate of 15.9 mmol/min (Table 1 and Figure 3a) . d 7 Li in PGLI-4 and PGLi-6 fluids is homogeneous within 1 SE uncertainty (Figure 3b) . However, fluid d 7 Li is 0.5‰ lower in PGLi-5. We calculate an isotopic fractionation factor using the bulk 7 Li/ 6 Li of experimental aragonite and the final fluid 
The plot of a values versus precipitation rate shows the similar pattern as for aragonite d 7 Li (Figure 3c ).
Here a varies between 0.9895 ± 0.0007 and 0.9923 ± 0.0002, i.e., from −10.5‰ to −7.7‰. This range overlaps with aragonitic corals (∼−9‰ [Marriott et al., 2004a] ), but extend the range observed in synthetic aragonites (∼−12‰ [Marriott et al., 2004b] ) and alteration aragonite veins in altered oceanic crust (−16‰ to −10‰ [Rosner et al., 2004] ).
[13] Li isotopic composition of the initial fluid (solution at the beginning of the experiments) was calculated using measured d
Li of the main Li source (Li 2 CO 3 , d
7 Li = +81.3 ± 0.3‰, molar fraction of (5) 112 (3) a7 Li/ 6 Li are SIMS intensity ratios. d 7 Li was determined by normalizing to SIMS and MC-ICP-MS data of PGLi-6 (except session in November 2009). c, f, and f+c are spherulite centers, fiber aragonite, and their mixture, respectively; mean (f) is the average of fiber data. 1 SD is the external standard deviation or the mean of the internal 1 SE; the largest one is presented. Please note that during session 1 d Li values of aragonite samples were calculated using SIMS and ICP-MS data of PGLi-6, which is less heterogeneous than PGLi-4 but not homogeneous enough to be treated as a standard. Therefore, 1 SE of d 7 Li are significantly larger (by a factor of ∼1. (Table 1) . Therefore, fluid 7 Li/ 6 Li was assumed to be constant over the duration of the runs. [14] Isotopically homogeneous silicate glass standards (NIST-610, 612, and 614) were examined in order to test instrumental reproducibility (Table 2) . Kasemann et al. [2005] reported MC-ICP-MS and in situ SIMS d 7 Li data that showed that these standard glasses are enriched in Li intensity ratios varied from 0.7‰ to 1.2‰). Internal (single spot) standard error (1 SE) of 0.5‰-0.8‰ was determined through the averaging of 7 Li/ 6 Li intensity ratios in 30 or 60 analytical cycles. The isotopic discrimination in SIMS is characterized by an instrumental mass fractionation factor (IMF):
SIMS Data
Using values from Kasemann et al. [2005] , we found that the IMF for silicate glasses varied between 25.7 ± 0.3‰ (1 SE) (MSWD = 1.2, n = 5) and 21.8 ± 0.6‰ (MSWD = 1.2, n = 5) throughout the analytical sessions with an average of 23.9 ± 0.9‰ (Table 3) . We determined IMF on NIST-614 and 610 and applied these values to NIST-612 in order to check for internal consistency between bulk MC-ICP-MS and multiple SIMS spot analyses (Table 2 and Figure 4 ). Each symbol represents Ca, and (c) 24 Mg/ 42 Ca collected in spherulite centers (solid symbols) and fibers (open symbols) of experimentally precipitated abiogenic aragonite spherulites. Each column includes the data from an individual spherulite. In Figure 6a , blue and red solid lines are the averages for d 7 Li in the aragonite centers and fibers, respectively. In Figures 6b and 6c , the error bars (1 SE) are smaller than the size of the markers on the plots of 7 Li/ 42 Ca and 24 Mg/ 42 Ca. The lateral dimensions of the O − beam are larger than the spherulite centers, and therefore, solid symbols represent compositions for centers and fibers (for example, see spots 2 and 3 in Figure 2 ). All data are from session 2.1. Li external reproducibility of 2.5‰ (1 SD) and IMF of 3.1 ± 1.0‰ (1 SE, n = 8) ( Table 3 ). The mean IMF for aragonite in PGLi-4 and PGLi-6 was 5.4 ± 0.6‰ (Table 4 ) (all material of PGLi-5 was consumed by MC-ICP-MS analyses). The observed similar IMF for aragonite and calcite is expected to be a common phenomenon as the main chemical composition is comparable and only minor chemical and crystallographic differences exist between the two materials. This conclusion is supported by similarity of SIMS IMF of 11 B/ 10 B for basaltic to rhyolitic natural glasses [Rosner et al., 2008] .
[16] The variability of d Li measured in aragonite ranges from 1 SD = 1.3‰ to 8‰ ( 7 Li/ 6 Li SIMS intensity ratios range from 1 SD = 0.6‰ to 7.1‰) in different subsessions. The reasons for that are the variability in number of SIMS measurements and Li count rates that are related to 16 O − primary beam current. Therefore, to assess heterogeneity in the samples, it is important to compare the variation of the standards and samples in the same session only. The standard deviation for CAL-HTP and especially NIST glasses within a session are always lower than in aragonite samples from the same analytical session (Tables 2 and 5 ). Similarly to silicate glasses, 7 Li/ 6 Li of aragonite from PGLi-4 was normalized to aragonite from PGLi-6 (Figure 4) . In five subsessions, d
7 Li SIMS data of the run PGLi-4 (diamonds) are consistent with independently determined d Li of the run PGLi-4 obtained in subsession 1.4, where only two spots were measured, which resulted in a typically small error bars. In subsession 2.2, we also used the IMF value determined by analysis of CAL-HTP which yielded a value for PGLi-4 that is consistent with that obtained by using the IMF determined by analysis of sample PGLi-6 (circle).
[17] Relative ion yields of Li/Ca: Ca with aragonite precipitation rate. The bottom x axis shows the bulk precipitation rate expressed as the injection rate of the titrant (Na 2 CO 3 ). The top x axis represents the radial spherulite growth rates determined in the same samples by Gabitov et al. [2006] . The data presented here were collected at the aragonite fibers. Each small blue circle corresponds to the single spot analysis with the error bar of internal 1 SE. The averages of these data are shown as large red circles with the error bar of external 1 SD between individual spot data for each of the two runs. All data are from session 2.1.
were calculated from analysis of CAL-HTP assummeans of 7 Li/ 42 Ca and 24 Mg/ 42 Ca in the fast precipitated run (PGLi-6) are higher than in the slow run (PGLi-4) by ∼50% and ∼120%, respectively. Thus, both observations shown in Figures 6 and 7 suggest a positive correlation of Li/Ca with aragonite growth rate. This Li/Ca growth rate dependence is significant but somewhat weaker than that of Mg/Ca. Gabitov et al. [2008] explained Mg/Ca increase with aragonite crystallization rate using the growth entrapment model developed by Watson and coworkers [Watson and Liang, 1995; Watson, 1996 Watson, , 2004 . It was proposed that enhanced crystal growth rates cause entrapment of crystal surface composition by the newly formed lattice. Results from our present work suggest that Li partitioning could also be explained by a growth entrapment model, however, more data are required to confirm this suggestion.
Summary
[23] We demonstrate that d 7 Li in experimentally precipitated aragonites determined by MC-ICP-MS and SIMS agrees when SIMS analyses are corrected for IMF using either calcite or experimental aragonite references. SIMS data does not yield a relationship between 7 Li/ 6 Li fractionation and aragonite precipitation rate at the range of Na 2 CO 3 injection rate from 0.25 to 168 mmol/min. However, given the lack of growth rate information and the significant heterogeneity within single samples, it is premature to rule out any effect of growth kinetics on 7 Li/ 6 Li fractionation between aragonite and fluid. Li/Ca and Mg/Ca are sensitive to aragonite growth rate within a single spherulite. The dependence on bulk precipitation rate is resolvable only after exclusion of data from spherulite centers, which are systematically enriched in Li/Ca and Mg/Ca. This enrichment likely reflects faster precipitation of the spherulites centers relative to the fibrous aragonite. Therefore, taking into account the potential effects of coral growth rates can improve Li/Ca and Mg/Ca temperature calibrations, and the reliability of the Li isotope proxy for past seawater compositions.
